1. Introduction {#sec1}
===============

The term oxidative stress refers to an imbalance between the production of Reactive Oxygen Species (ROS) and the ability of the body to detoxify the reactive intermediates. This overload in reactive species causes oxidative damage to several cellular elements. ROS regulate hemostasis as well as many cellular signaling including long term potentiation (LTP) induction \[[@r1]\], synaptic plasticity \[[@r2]\], and modulators in cognitive performance \[[@r3], [@r4]\]. Additionally, several studies had shown that excessive production of ROS contributes to the pathogenesis of heart failure \[[@r5]\]. Furthermore, antioxidant treatment has a cardioprotective effect and reduces cardiac remodeling \[[@r6]\].

Under normal physiological conditions, the level of ROS production is meticulously controlled through the activity of antioxidant enzymes such as copper-zinc superoxide dismutase, manganese-superoxide dismutase, catalase, glutathione reductase and peroxidase \[[@r7]-[@r9]\]. ROS production is physiologically important to regulate various signaling pathways, but overproduction and accumulation of free radicals are detrimental for cardiac health. On the other hand, overproduction of oxidized products such as aldehydes, carbonyls and oxidized bases resulting from lipid peroxidation, protein and DNA oxidation, respectively, are considered significant markers of excess oxidative stress \[[@r10]\]. This study will provide a general updated review regarding the role of oxidative stress in cardiac hypertrophy development.

2. Oxidative Stress {#sec2}
===================

Oxidative damage to cellular macromolecules is believed to underlie the development of many pathological states and aging. Generally, reactive oxygen species such as free radicals (superoxide \[O~2~^•---^\], nitric oxide \[NO−\], hydroxyl \[OH−\]) and non-radical byproducts of O~2~ (*e.g.* hydrogen peroxide \[H~2~O~2~\]~,~ peroxynitrites \[ONOO−\]) are the most studied species and are highly associated with various pathological conditions. Mitochondria are the main organelles responsible for reactive species production \[[@r11]\]. Superoxide is the primary species produced by the mitochondria; most of the generated superoxide is converted to hydrogen peroxide by the action of superoxide dismutase enzyme. The production of superoxide by mitochondria has been localized to several enzymes of the electron transport chain (ETC), including complexes I, III and glycerol-3-phosphate dehydrogenase \[[@r12], [@r13]\]. Conversely, reduction of oxygen (O~2~) availability initiates adaptive responses in multicellular organisms. For example, the hypoxic stabilization of hypoxia-inducible factors-alpha (HIF-1 α and HIF-2 α) is required by the functionality of complex III of the mitochondrial ETC; therefore, an increase in ROS links this complex to HIF-alpha stabilization \[[@r14]\].

Most superoxides are converted to H~2~O~2~ inside and outside the mitochondrial matrix by superoxide dismutase enzymes. H~2~O~2~ is a major chemical mediator, which, in low concentrations, affects the physiological functions of different cells. Under pathophysiological conditions, such as hypoxia, cell ischemia or toxin exposure, the amount of O~2~^•---^ produced will overwhelm both the antioxidant defense mechanisms and ROS scavenger systems (Fig. **[1](#F1){ref-type="fig"}**). H~2~O~2~ can combine with ferrous (Fe^2+^) complexes to form reactive ferryl species, which combine with nitric oxide to produce reactant peroxynitrite (Fig. **[1](#F1){ref-type="fig"}**). Peroxynitrites cause lipid, DNA and protein nitrosylation which negatively affects cell functions. Therefore, prevention of excessive O~2~^•---^ production is highly desired \[[@r15]\]. This can be achieved by: (1) cells selectively boosting their antioxidant capacity (2) uncoupling of oxidative phosphorylation to reduce generation of O~2~^•---^ by inducing proton leak, and (3) reversibly inhibiting the electron transport. However, there are many physiologically cell signaling pathways, which can be mediated by ROS such as their effect on thiol and disulfide bridges that affect directly diverse protein structures to stimulate/inhibit phosphatase/kinase signaling pathways \[[@r11], [@r15]\].

ROS and reactive nitrogen species (RNS) have both deleterious as well as beneficial roles. ROS and RNS are physiologically produced by securely regulated enzymes, such as nitric oxide synthase (NOS) and nicotinamide adenine dinucleotide phosphate oxidases (NADPH oxidase), respectively (Fig. **[2](#F2){ref-type="fig"}**). The favorable effects of ROS/RNS occur at low/moderate levels and participate in many physiological pathways that protect the body against infection. Conversely, the overproduction of ROS may cause detrimental effects, which ultimately end up with cell damage \[[@r15], [@r16]\]. Thus, the cell tries to reach a "redox homeostasis" or a "redox balance" state.

3. ROS production in cardiovascular disease (CVD) {#sec3}
=================================================

Increased ROS production has been implicated in the pathophysiology of heart failure and Left Ventricular (LV) hypertrophy. Li, J.M. *et al.* found that there was a significant increase in the activation of extracellular signal-regulated kinase 1/2, extracellular signal-regulated kinase 5, c-Jun NH2-terminal kinase 1/2, and p38 mitogen-activated protein kinase when they studied the expression and activity of phagocyte-type NADPH oxidase in LV myocardium in an experimental guinea pig model of progressive pressure-overload LV hypertrophy \[[@r17]\]. These data indicate that NADPH oxidase expressed in the cardiomyocyte is a major source of ROS generation in pressure overload LV hypertrophy and may contribute to pathophysiological changes such as the activation of redox-sensitive kinases and progression to heart failure.

Substantial evidence supports the involvement of oxidative stress in the pathophysiology of congestive heart failure and precursor conditions such as cardiac hypertrophy and myocardial post-infarction remodeling. These conditions occur when there is an imbalance between antioxidant defense and the production of ROS. NADPH oxidases, a source of ROS (Fig. **[2](#F2){ref-type="fig"}**), are especially important in redox signaling, being implicated in the pathophysiology of hypertension and atherosclerosis \[[@r18]\]. In addition to profound alteration of cellular function by increased interstitial and perivascular fibrosis, ROS also activate a broad variety of pro-hypertrophy signaling kinases and transcription factors including MAP kinase and NFκ-B. Translocator Protein (TSPO) present in the outer mitochondrial membrane is known to be involved in oxidative stress and cardiovascular pathology as well \[[@r11]\]. Additionally, the increase in heart rate per second, independent of sympathetic nerve activity, enhances cardiac oxidative stress and activates mitogen-activated protein kinases, which seem to be responsible for cardiac remodeling \[[@r19]\].

Recently, Tigchelaar W. *et al.* investigated the role of EXOG (exo/endonuclease G) in mitochondrial function and hypertrophy in primary Neonatal Rat Ventricular Cardiomyocytes (NRVCs) cells. A locus at the mitochondrial exo/endonuclease EXOG gene was linked with cardiac function. Diminution of EXOG in NRVCs resulted in a significant increase in cardiomyocyte hypertrophy. However, it was shown that the mitochondrial Oxidative Consumption Rate (OCR) was increased 2.4-fold in EXOG- exhausted NRVCs, which was accompanied by a 5.4-fold increase in mitochondrial ROS levels. This upsurge of ROS levels could be controlled with specific mitochondrial ROS defense system (MitoTEMPO \[mitochondria-targeted superoxide dismutase\], MnSOD \[Manganese superoxide dismutase\]). Thus, scavenging of additional ROS mitigated the hypertrophic response. In summary, depletion of EXOG-gene affects regular mitochondrial task causing an increased ROS production, and cardiomyocyte hypertrophy development \[[@r20]\].

Hypertension is one of the most important risk factors associated with the development of Cardiovascular Diseases (CVDs) \[[@r21]\]. Oxidative stress has been shown to play an important role in the pathophysiology of hypertension. The alteration of the vasomotor system involves ROS as facilitators of vasoconstriction stimulated by some vasoactive peptides such as endothelin-1, angiotensin II and urotensin II \[[@r22]-[@r24]\]. Additionally, the bioavailability of the vasodilatory system is extremely dependent on the redox system status \[[@r25]\]. Under normal physiological conditions, moderate intracellular levels of ROS are vital for the redox signaling pathways to preserve vascular parameters. Conversely, during pathophysiological states, elevated concentrations of ROS lead to vascular dysfunction and remodeling *via* oxidative injury. Interestingly, the use of antioxidants protects against vascular endothelial damage \[[@r21], [@r24]\]. In general, regarding human hypertension, an increase in the generation of hydrogen peroxide and superoxide, a reduction in NO synthesis, and a decrease in the antioxidant bioavailability has been observed by Rodrigo R. *et al.* to contribute significantly to the pathogenesis \[[@r25]\].

Oxidative stress plays a critical role in the development of diabetic related cardiovascular complications, such as myocardial hypertrophy. Liu Y. *et al.* hypothesized that myocardial kinases specifically protein kinase-C isoform-β (PKC-β) is the major upstream moderator of oxidative stress in diabetes and that inhibition of PKC-β can diminish myocardial hypertrophy and cardiac dysfunction. The proposed mechanism is that oxidative stress modulates the PKC-β expression, which is preferentially over-expressed in the diabetic myocardium, with amplified stimulation of the pro-oxidant enzyme NADPH oxidase, that may aggravate oxidative stress \[[@r26]\]. Hence, several risk factors are associated with oxidative stress development and ultimately cardiac diseases. For instance, smoking, lipid abnormalities, uncontrolled hypertension, diabetes, genetic predisposition and life stressors.

4. Cardiac Hypertrophy and Remodeling {#sec4}
=====================================

The common phenotype associated with heart failure is the development of cardiac hypertrophy. Hypertrophy is defined as a physiological increase in heart size in order to compensate the increase in cardiac workload. The heart is considered to be a highly adaptable organ that, upon either increase in myocardial reperfusion need or upon loss of cardiac reperfusion, is able to compensate by increasing Sympathetic Nervous System (SNS) stimulation and activation of adrenergic receptors in order to increase cardiac output. In the acute setting these adaptive mechanisms may save the heart, however chronic stimulation of the heart along with limited capacity reserve will cause extensive morphological changes and exacerbate cardiac dysfunction.

The persistent activation of kinases and phosphatases such as Protein Kinases A, C (PKA, PKC), and calcineurin (PP2B) as a result of chronic beta-adrenergic receptor (β-AR) stimulation leads to the activation of pro-hypertrophic genes (Fig. **[3](#F3){ref-type="fig"}**). The activation of these genes triggers cardiac remodeling, which is characterized by changes in the cardiomyocytes, fibroblasts, vascular smooth muscle cells, vascular endothelial cells, and inflammatory cells in addition to changes in the size, shape, geometry and function of the heart. For example, decreased PKA-dependent phosphorylation of troponin I, cardiac- myosin binding protein -C and phospholamban in heart failure has been linked to increase ventricular remodeling. Calcineurin dephosphorylates the transcription factor NFATc causing its translocation into the nucleus. Once in the nucleus, ~NFATc\ causes\ the\ transcription\ of\ genes\ involved\ in\ cardiac\ remodeling\ and\ hypertrophy\ \[~[@r27]-[@r29]~\].~

Although the complete picture of the cardiac remodeling process is still unclear, the following scenario has been suggested. When the myocytes stretch, the release of angiotensin, norepinephrine and endothelin will increase \[[@r30]\]. Accordingly, these changes will stimulate the expression of altered proteins and myocyte hypertrophy. The final step of this process will be in the form of further deterioration in cardiac performance and a continuous increase in the neurohormonal activation \[[@r31]\]. Additionally, the increased activation of cytokines and aldosterone will play a role in the stimulation of collagen synthesis, which will lead to fibrosis and remodeling of the extracellular matrix \[[@r32]\].

Several studies have revealed the implications that could arise from overstimulation of the renin--angiotensin system (RAS) through contributing to a chain of events, which play a role in the pathogenesis of cardiovascular disease (Fig. **[3](#F3){ref-type="fig"}**), including the development of cardiac remodeling \[[@r33]\]. The underlying mechanism of the cardiovascular pathogenesis has been associated with actions of angiotensin II (Ang II). The activation of the Ang II type 1 (AT1) receptor will stimulate vascular remodeling, leading to an elevation in the blood pressure as well as participation in the chronic disease pathology by activating cardiac fibroblasts, stimulation of cardiomyocyte hypertrophy, promotion of endothelial dysfunction and increased collagen deposition \[[@r34]\]. Some studies have suggested the association between the RAS system and cardiac damage through the role of Ang II as a modulator of immune mechanisms in hypertension \[[@r35]\]. Ang II is involved in every step of the pathogenesis of cardiovascular disease starting from atherosclerosis till cardiac remodeling and end-stage heart failure \[[@r36], [@r37]\].

A-Kinase Anchoring Proteins (AKAPs) are a diverse group of scaffolding proteins that shape multi-protein complexes and combine cAMP signaling with different effector proteins such as protein kinases \[[@r38]\]. Many AKAPs have been identified in the heart, where they play a significant role in regulating the cardiac remodeling process in three main areas. The first one is the involvement of AKAPs in the modulation of excitation-contraction coupling through regulation of calcium homeostasis, including isoforms of AKAP15/18 (which target PKA to the L-type Ca^2+^) and muscle -- specific A-kinase anchoring protein (mAKAP which targets PKA in the proximity of the RyR~2~) \[[@r29]\]. Additionally, AKAPs play major a signaling role in the sarcomeric regulation process and the induction of pathological hypertrophy. Despite this role of AKAPs, it is still not fully understood how AKAPs signaling complexes are altered and changed during the progression of heart disease and how this could affect the process of cardiac remodeling \[[@r39]\].

The miRNAs (MicroRNAs) are a short noncoding RNAs that function in regulating gene expressions post-transcriptionally \[[@r40]\]. They usually initiate silencing by binding to special target sites (untranslated region) found within the 3'UTR of the targeted mRNA. Many studies had shown some dysregulated miRNA expression in many animal models of cardiac hypertrophy induced by one of the following mechanisms: activating calcineurin signaling or thoracic-aortic banding \[[@r41]\]. The analysis of such dysregulated miRNA expression has shown that miRNAs may have regulatory effects on cardiac hypertrophic pathways either in a positive or negative way. For example, some studies elucidated the role of miR-1 in cardiac hypertrophy by proposing the inverse relationship between its expression and the progression of cardiac hypertrophy \[[@r42]\]. Other studies discussed the role of miR-133 in regulating cardiac hypertrophy by demonstrating its role in the induction of cardiac hypertrophy \[[@r43], [@r44]\].

The multifunctional Ca^2+^/Calmodulin Dependent Protein Kinase (CaMKII) plays a significant and central role in the contractility and structure of the cardiomyocytes \[[@r45]\]. The CaMKII has a short term effect which is related to the maintenance of the excitation-contraction coupling in the heart \[[@r46]\] as well as a long term effect regarding the gene transcription in the cardiomyocytes \[[@r47]\]. The activity of the CaMKII increases markedly in MI and failing hearts and, accordingly, it promotes the process of cardiac hypertrophy and inflammation. On the other hand, cardiac hypertrophy is also related to redox signaling that uncouple CaMKII activation from Ca^2+^/calmodulin dependence. This is why CaMKII could represent a nodal point for integrating inflammatory and hypertrophic signaling in the cardiomyocytes \[[@r48]\].

Activity of the transcription factor NF-κB has long been thought to increase in cardiac hypertrophy. The nuclear factor NF-κB is considered as a prototypical proinflammatory signaling pathway \[[@r49]\] which has fundamental roles in immunity in addition to regulating the expression of genes controlling cell survival. There are two ways for the activation of the nuclear factor NF-κB: canonical (classical) and noncanonical pathways \[[@r50]\]. Canonical (classical) signaling uses the RelA, p50, and c-Rel subunits. Meanwhile the noncanonical pathway is mediated by RelB and p100/p52. Previous studies have proposed a correlation between canonical NF-κB signaling and the susceptibility and progression of cardiac disease by observing the increased level of RelA in failing hearts and the association between *NFKB1* gene polymorphisms and the increased susceptibility for developing cardiac hypertrophy \[[@r51]\].

CONCLUSION
==========

Cardiac hypertrophy is a ubiquitous and complex phenotype which is caused by the interactions between multiple genetics and non-genetic factors. Different receptors, molecular signaling pathways and transcription factors are involved in the pathogenesis process of cardiac hypertrophy and remodeling. Oxidative stress is considered a major stimulant for the signal transduction in cardiomyocytes, including inflammatory cytokines, and MAP kinase. Signal transduction plays a significant role in controlling cell fate either in apoptosis or necrosis, and thus, cardiac hypertrophy and remodeling. The understanding of the pathophysiological mechanisms which are involved in cardiac hypertrophy and remodeling process is crucial for the development of new therapeutic plans, especially that the mortality rates related to cardiac remodeling/dysfunction remains high.
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![The formation of peroxynitrite and hydrogen peroxide. Schematic representation for the formation of peroxynitrite anion (ONOO ^-^) and hydrogen peroxide (H~2~O~2~). Superoxide (O~2~^-^) will be either converted to hydrogen peroxide (H~2~O~2~) or react with nitric oxide (NO) in order to form the highly reactive intermediate peroxynitrite anion (ONOO^-^). Peroxynitrite can cause an oxidative damage for molecules in the cells, including DNA and proteins. **Abbreviations:** O2^-^: superoxide; NO: nitric oxide; H~2~O~2~: hydrogen peroxide; ONOO^-^: peroxynitrite anion; OH: hydroxyl radical; NOS II/NOS III: nitric oxide synthase.](CCR-14-53_F1){#F1}

![Generation pathways of ROS in the heart. General scheme for Reactive Oxygen Species (ROS) endogenous generation pathways in cardiac myocytes. Abbreviations: ROS: Reactive Oxygen Species; NADPH: Nicotinamide Adenine Dinucleotide Phosphate Oxidase.](CCR-14-53_F2){#F2}

![ROS and cardiac hypertrophy molecular signaling pathways. General diagram represents the cardiac hypertrophy and remodeling process to ROS - activated molecular signaling pathways in cardiac myocytes .Pathways include non-receptor protein kinases (PTKs), protein phosphatases (PTPs), Mitogen-activated Protein Kinases (MAPKS) and Nuclear Factor kB (NF-KB). **Abbreviations:** PTKs: Non-Receptor Protein Kinases; PKB: Protein Kinase B; PKC: Protein Kinase C; PTPs: Protein Phosphatases; MAPKS: Mitogen- Activated Protein Kinases; NF-KB: Nuclear Factor KB; P13K: Phosphoinositide 3-kinase; ERK: Extracellular Signal- Regulated Kinases; Ang II: Angiotensin II; TNF-α: Tumor Necrosis Factor Alpha; JNK: Jun Nuclear Kinase.](CCR-14-53_F3){#F3}
